Background-The human Bcr gene was originally identified by its presence in the chimeric Bcr/Abl oncogene, which is causative for chronic myeloblastic leukemia. Because Bcr encodes a serine/threonine protein kinase, we studied its kinase activity and determined the role of Bcr in the PDGF signaling pathway to ERK1/2 activation and DNA synthesis in rat aortic smooth muscle cells (RASMCs). Methods and Results-In RASMCs, platelet-derived growth factor-BB (PDGF) stimulated Bcr kinase activity, with a maximum at 1 minute. Because phosphatidylinositol 3Ј-kinase (PI3-K) is essential for Bcr/Abl leukemogenesis, we evaluated the role of mouse PDGF-␤-receptor binding sites for PI3-K (Y708, Y719) and for phospholipase C-␥ (Y977, Y989) in PDGF-mediated Bcr kinase activation. The mutant PDGF receptor Y708F/Y719F but not Y977F/Y989F showed significantly reduced Bcr kinase activity. To determine the role of Bcr in PDGF-mediated signal transduction events leading to ERK1/2 and its downstream Elk1 transcription activation, wild-type (WT) and kinase-negative (KN) Bcr were transiently expressed in RASMCs. Bcr WT enhanced, whereas Bcr KN inhibited, PDGF-stimulated ERK1/2 and Elk1 transcriptional activity. Overexpression of Bcr also enhanced PDGF-induced Ras/Raf-1 activity and DNA synthesis, but this regulation is independent of the kinase activity of Bcr. Finally, we found that Bcr expression was increased in the neointimal layer after balloon injury of rat carotid artery. Conclusions-These results demonstrated the importance of Bcr in PDGF-mediated events, such as activation of Ras, Raf-1, ERK1/2, and Elk1, and stimulation of DNA synthesis.
T he Bcr gene was originally defined as the breakpoint of the Philadelphia (Ph) chromosome translocation associated with chronic myelogenous leukemia and acute lymphocytic leukemia. This translocation fuses the c-abl protooncogene on chromosome 9 with the 5Ј region of the Bcr gene on chromosome 22, resulting in the formation of a chimeric oncogene. 1 The Bcr/Abl gene is expressed as a constitutively activated protein-tyrosine kinase (p210 Bcr/ Abl) that is believed to contribute directly to the pathogenesis of the disease. 2 The function of the endogenous Bcr protein in vascular smooth muscle cells remains undefined. The cDNA sequence of Bcr predicts several functional domains. 3 The amino-terminus domain of Bcr contains an oligomerization domain, 4 a serine/threonine kinase activity, 5 and a region that binds Src-homology 2 (SH2) domains. 6 The middle of the protein has a region of sequence similarity to guanine nucleotide exchange factors for the Rho family of GTP binding proteins 7 and a pleckstrin homology domain. 8 The carboxyl terminus encodes a GTPase-activating function for the small GTP-binding protein Rac (Rac-GAP). 9 The platelet-derived growth factor (PDGF) receptor appears to use Bcr as a signal mediator, because Ridley et al 10 reported that expression of the Rac-GAP domain of Bcr inhibited PDGF-induced membrane ruffling. In this study, we showed that PDGF stimulated Bcr kinase activity. We found that Bcr regulates extracellular signal-regulated kinase (ERK)1/2 and Elk1 activation in RASMCs. Overexpression of Bcr increased Ras/Raf-1 activity and DNA synthesis by PDGF, and Bcr expression was increased in neointima after balloon injury in rat carotid artery. These results suggest a role for Bcr in PDGF signaling as a modulator on Ras/Raf-1 activity and cell proliferation and its possible role in the process of restenosis.
Methods

Cell Culture
Rat aortic smooth muscle cells (RASMCs) and human umbilical vein endothelial cells (HUVECs) were isolated and maintained as described previously. 11, 12 Chinese hamster ovary (CHO) cells were grown in F-12 medium supplemented with 10% FBS. Rat fibroblast cell (Rat1) was cultured in DMEM with 10% FBS. Human aortic smooth muscle cells (HASMCs) and human K562 leukemia cells (K562) were a kind gift from Dr R. Ross and from Dr John M. Harlan, respectively (both from University of Washington, Seattle). The HASMCs and K562 cells were incubated in DMEM/10% FBS and RPMI 1640/10% FBS, respectively.
Plasmids and Transfection
Bcr wild-type, the kinase-negative form of Bcr (Y328F/Y360F double mutant), and dominant negative Ras [Ras(N17)] were generated as described previously. 13, 14 For transient expression experiments, cells were transfected with the lipofectamine plus method (Gibco BRL) as described previously. 15 Using the lipofectamine technique, we have determined that transfection efficiency is 80% to 90% in CHO cells and 5% to 10% in RASMCs with the LacZ expression plasmid pcDNA3.1Lacz (Invitrogen). Cells at 70% to 80% confluence in 60-to 100-mm dishes were growth-arrested by incubation in DMEM (for RASMCs) or F-12 (for CHO cells) for 24 hours before use. The cells were treated with PDGF-BB (Boehringer Mannheim) and were harvested.
PDGF Receptor Mutants
CHO cells transfected with PDGF receptors were a kind gift from Dr Harlan E. Ives, University of California, San Francisco. In brief, plasmids containing the mutated PDGF-␤-receptor cDNA were used to stably transfect the receptor in CHO cells, which normally lack PDGF receptors. Mutation of Tyr-708 to Phe (Y708F) and Tyr-719 to Phe (Y719F) prevents the association of p85 phosphatidylinositol 3Ј-kinase (PI3-K) (Y708F, Y719F), and mutation of Tyr-977 to Phe (Y977F) and Tyr-989 to Phe (Y989) prevents the association of phospholipase C (PLC)-␥. 16 Y708/Y719 and Y977/Y989 in mouse PDGF-␤-receptor are equivalent to Y740/Y751 and Y1009/Y1021 in humans. 16, 17 
Immunoprecipitation and Western Blot
After treatment with reagents, the cells were washed with PBS (Ϫ) and harvested in 0.5 mL of lysis buffer as described previously. 18 Immunoprecipitation was performed as described previously with mouse anti-Bcr or anti-hemagglutinating (HA) (F-7) antibody (Santa Cruz) or PDGF-␤ receptor (U.B.I.). 18 Western blot analysis was performed as previously described. 18 In brief, the blots were incu-bated for 4 hours at room temperature with the anti-Bcr (Santa Cruz), SH3 p85 (PI3-K), PLC-␥, or PDGF-␤-receptor (U.B.I.) antibody, followed by incubation with horseradish peroxidase-conjugated secondary antibody (Amersham Life Science). For ERK1/2 activation in HA (ϪERK2) immunoprecipitates, the blot were incubated 12 hours with anti-phospho ERK1/2 (New England Biolabs) or ERK2 or anti-HA antibodies (Santa Cruz). For Raf-1, MEK1/2, and ERK1/2 activation in total cell lysates, the blots were incubated for 12 hours with anti-phospho Raf-1, MEK1/2, or ERK1/2 (New England Biolabs) or non-phospho Raf-1 or ERK1/2 (Santa Cruz) or MEK1/2 (New England Biolabs) antibodies.
Bcr Kinase Assay
Bcr kinase activity was assayed by histone H1 (Boehringer Mannheim) phosphorylation as previously described. 18 Bcr autokinase assay was performed as described previously. 19, 20 
PathDetect trans-Reporting System
A PathDetect trans-reporting system (Stratagene) was used for detection of Elk1 transcription activity as described previously. 21
PAK Kinase Assay
p21-activated protein kinase (PAK) kinase activity was assayed by immunocomplex myelin basic protein (MBP from UPI) in-gel kinase assay, in which the PAK immunocomplex was precipitated with anti-␣-PAK antibody (Santa Cruz) as described previously. 22
Activated Ras Affinity Precipitation Assay
Affinity precipitation of activated p21 Ras was performed with Ras antibody (Santa Cruz) as described previously. 23
Preparation of Balloon Injury Model and Immunohistochemistry
Tissue preparation of balloon-injured rat carotid artery was performed as described previously. 24 Immunohistochemistry was performed as previously described with monoclonal anti-Bcr antibody (1:1000 dilution) as primary antibody. 25 For a negative control, primary antibody was substituted with normal mouse IgG at a corresponding dilution. The cross sections were counterstained with hematoxylin.
[ 3 H]Thymidine Incorporation Assay
Measurement of [ 3 H]thymidine incorporation into DNA was performed as described previously. 26 
Statistics
Data are reported as meanϮSD. Statistical analysis was performed with the StatView 4.0 package (ABACUS Concepts). Differences were analyzed with 1-way or 2-way repeated-measures ANOVA as appropriate, followed by Scheffé's correction. 
Results
Bcr Is Expressed and Activated Rapidly by PDGF in Vascular Smooth Muscle Cells
To determine whether Bcr was expressed in vascular cells, we analyzed cell lysates by Western blot for Bcr in several different cell types. An immunoreactive band of 160 kDa was present in all cell types examined, with relatively high expression in HASMCs but much less in HUVECs ( Figure  1A ). Both p160 Bcr and p210 Bcr/Abl were identified in K562 cells, which are a Ph 1 -positive chromosome cell line.
We next investigated whether PDGF stimulated Bcr serine/ threonine kinase activity. Immunoprecipitation followed by Western blot analysis of lysates revealed a single 160-kDa protein band in addition to IgG in RASMCs and CHO cells ( Figure 1B) . First, Bcr kinase activity was determined by in vitro kinase assay with histone H1 as a substrate. PDGF (10 ng/mL) rapidly activated Bcr, with a maximal increase in activity of 3.4Ϯ1.3-fold (PϽ0.01) within 1 minute ( Figure  2A ). To confirm this Bcr kinase activation by PDGF, we also performed an autokinase assay of Bcr as we described previously. 19, 20 Similarly, Bcr autokinase activity was increased within 1 minute after PDGF stimulation ( Figure 2B ). Bcr kinase was activated by 2.5 ng/mL PDGF and was maximal (PϽ0.01) at 10 to 30 ng/mL PDGF ( Figure 2C ). Bcr autokinase activation was also stimulated by PDGF dosedependently in RASMCs ( Figure 2D ).
PDGF ␤-Receptor Y708F/Y719F but Not Y977F/Y989F Mutations Inhibit Bcr Kinase Activation by PDGF
It has been reported that PI3-K has an essential role in Bcr/Abl-mediated leukemia. To determine whether the association of p85 (PI3-K) and PDGF-␤ receptor was required for Bcr kinase activation, we studied the effects of mutations in the PDGF-␤ receptor (Y708F/Y719F) that prevent binding of PI3-K to the activated receptor 16 in transfected CHO cells. We also used another PDGF-␤-receptor mutant (Y977F/ Y989F) that prevents PLC-␥ binding to PDGF-␤ receptor. We confirmed wild-type PDGF receptor interaction with p85 (PI3-K) by PDGF stimulation ( Figure 3A and 3B). We further confirmed that the mutant PDGF receptor (Y977F/Y989F) associated weakly with p85 (PI3-K) but not with PLC-␥, whereas the mutant PDGF receptor (Y708F/Y719F) also bound PLC-␥ weakly but not p85 (PI3-K) 17 ( Figure 3B ).
In CHO cells expressing wild-type PDGF receptor, PDGF rapidly stimulated Bcr kinase activity ( Figure 3C , top, and 3D), with a maximal increase (PϽ0.05) at 1 minute. In CHO cells expressing mutant PDGF receptor (Y708F/Y719F), PDGF was unable to increased Bcr kinase activity (Figure 3C, middle, and 3D). The Bcr kinase activity, however, was similar (PϽ0.01) to wild-type in Y977F/Y989F mutantexpressing cells (Figure 3C , bottom, and 3D).
To determine whether kinase activity of PI3-K is required for Bcr activation by PDGF, effects of PI3-K inhibitors on PDGF-increased Bcr kinase activity were tested in CHO cells expressing PDGF-␤ receptor (CHO-PDGFR). After pretreatment with 100 nmol/L Wortmannin and 100 mol/L LY294002 (Calbiochem) for 10 minutes before the addition of 20 ng/mL PDGF for 1 minute, the cell lysates were applied for Bcr kinase assay. Both PI3-K inhibitors inhibited PDGFmediated Akt activation in CHO-PDGFR (data not shown) but did not suppress PDGF-induced Bcr kinase activity ( Figure 3E ). We also determined the similar lack of inhibitory effect of PI3-K inhibitors on Bcr kinase activation in RASMCs (data not shown).
Bcr Mediates PDGF-Induced ERK1/2 and Elk1 Activation in RASMCs
To identify downstream signaling molecules activated by Bcr, we determined the effect of Bcr wild-type (WT) and Bcr kinase-negative (KN) expression on PDGF-␤ receptor-dependent ERK1/2 activation. After cotransfection of RASMCs with Bcr WT or Bcr KN as well as HA epitope-tagged ERK2, the activity of immunoprecipitated HA-ERK2 was then determined as described in Methods. Compared with control cells, Bcr WT-transfected RASMCs exhibited increased HA-ERK2 activation (PϽ0.01) by PDGF, but this was significantly inhibited (PϽ0.05) in Bcr KN-transfected cells ( Figure 4A and 4B) . We observed the same inhibition by Bcr KN in CHO-PDGFR (data not shown).
To corroborate this observation, we further investigated whether Bcr regulates PDGF-mediated Elk1 transcription activation, as a downstream effector of ERK1/2, in RASMCs by use of the PathDetect trans-reporting system. Compared with vector-transfected cells, Bcr WT-transfected cells exhibited increased Elk1 transcription activity (PϽ0.05; Figure  4C ), but Bcr KN significantly inhibited PDGF-induced Elk1 activity dose-dependently (PϽ0.05 and PϽ0.01; Figure 4D ).
An important downstream component of Rac in the signaling pathway is PAK. 22 Because the carboxyl terminus of Bcr encodes a GTPase-activating function for Rac, we determined the PDGF-induced activation of PAK in Bcr WT-transfected CHO-PDGFR. As shown in Figure 4E , we could not detect any significantly different PAK activity in vector-and Bcr WT-transfected cells. These data suggest that Bcr WT modulated ERK1/2 activation but not Rac/PAK activation by PDGF stimulation.
Ras Regulates PDGF-Induced Raf-1, MEK1/2, and ERK1/2 Activation but Not Bcr Kinase Activation
To evaluate the role of Ras in PDGF-induced Bcr and ERK1/2 activation, we transfected Ras(N17) and evaluated Bcr, Raf-1, MEK1/2, and ERK1/2 activity in CHO-PDGFR. We found that Ras(N17) did not inhibit PDGF-induced Bcr kinase activity ( Figure 5A ) but completely inhibited Raf-1 activation (PϽ0.05 and PϽ0.01) by PDGF ( Figure 5B ). Interestingly, Ras(N17) significantly but partially inhibited PDGF-induced MEK1/2 by Ϸ55% (PϽ0.05 and PϽ0.01; Figure 5C ) and ERK1/2 activity (PϽ0.05 and PϽ0.01) by Ϸ60% at 5 minutes ( Figure 5D ).
Bcr Stimulates Ras and Raf-1 Activity and Enhances PDGF-Induced DNA Synthesis
Numerous studies have shown that Ras/Raf signaling is involved in the regulation of cell proliferation. To determine the role of Bcr in cell proliferation, we evaluated the effect of Bcr on PDGF-mediated Ras and Raf-1 activation. As shown in Figure   6A and 6B, not only Bcr WT but also Bcr KN significantly enhanced PDGF-induced Ras and Raf-1 activity (PϽ0.05 and PϽ0.01). These data suggest that Bcr is an upstream regulator of Ras and Raf-1, but this regulation is independent of Bcr kinase activity.
Furthermore, we determined the role of Bcr in PDGFinduced DNA synthesis. Because the half-maximal effects of DNA synthesis by PDGF-B were obtained at 2.5 to 5.0 ng/mL in CHO-PDGFR, we used 2.5 ng/mL of PDGF to determine the enhancement effect of Bcr. As shown in Figure  6C , both BCR WT and BCR KN overexpression also significantly enhanced PDGF-induced DNA synthesis (PϽ0.01). These results show that Bcr expression, but not its kinase activity, has a significant role in PDGF-induced DNA synthesis.
Bcr is Expressed Predominantly in the Neointima in Balloon-Injured Rat Carotid Artery
To determine the cellular distribution of Bcr protein expression, immunohistochemical analysis was performed on cross sections of sham, 7-day, and 14-day balloon-injured rat carotid arteries (Figure 7 ). Immunohistochemical analysis shows increased Bcr expression in the neointima, present at both 7 and 14 days. At 14 days, a gradient of Bcr protein expression was observed from the lumen to the deeper layers , bottom) . B, Densitometric analysis of ERK1/2 activation is shown. Results were analyzed as described in Figure 2 . C and D, PathDetect trans-reporting system was used for detecting Elk1 transcription activity in RASMCs. RASMCs were cotransfected with Bcr WT, Bcr KN, and reporter plasmid pFR-Luc along with Gal4 fusion expression vectors containing Elk1 and pRL-CMV (Promega) as luciferase control reporter vector with or without PDGF 2.5 ng/mL (C) and 20 ng/mL (D) stimulation. After stimulation with PDGF for 16 hours, cells were applied to luciferase assay. E, ␣-PAK was immunoprecipitated from cells, which were either serumstarved (0 minutes) or serum-starved and then stimulated by PDGF (2.5 ng/mL) for 10 minutes. An immunocomplex MBP in-gel kinase assay was performed. Protein samples were size-fractionated by SDS-PAGE, and gels were dried and subjected to autoradiography (E). Densitometric analysis of PAK activation is shown. *PϽ0.05; **PϽ0.01. of the neointima. In contrast, carotids from sham-operated rats and the media of injured vessels exhibited very little Bcr expression.
Discussion
In the present study, we have shown that Bcr is a downstream component of PDGF receptor signaling and that Bcr acts as an adapter molecule in transmitting signals to ERK1/2 and Elk1 transcription activity for PDGF-␤ receptor. Many investigators, including us, have reported the importance of PDGF in the process of restenosis and atherogenesis in vascular disease. For example, we reported previously that adenovirus-mediated gene transfer of the extracellular region of the PDGF-␤ receptor, which acts as its antagonist, into injured arteries resulted in a Ͼ50% reduction in the neointimal area of injured arteries. 27 These results provide direct evidence that PDGF-␤-receptor activation plays an essential role in neointima formation. In the present study, we found that Bcr transmits signals from the PDGF-␤ receptor to Ras and ERK1/2-Elk1. The activation of Ras initiates a variety of protein kinase cascades that include PI3-K, Raf-1 kinase, mitogen-activated protein kinases, and subsequent cell transformation and proliferation. 28 Therefore, if the function of Ras could be abolished, cellular proliferation might be stopped. In fact, Ueno et al 29 reported that application of an adenoviral vector expressing a potent dominant negative mutated form of Ras into balloon-injured rat carotid arteries significantly reduced neointima formation. These data sug- gest the critical role of Ras in proliferative arterial disease. Interestingly, in the present study, we found that overexpression of Bcr enhanced PDGF-induced Ras/Raf-1 and ERK1/ 2-Elk1 activation, but this enhancement effect of Bcr to Ras/Raf-1 activity is independent of the kinase activity of Bcr. In fact, our laboratory and others have shown that there is a Ras(N17)-independent pathway that regulates ERK1/2 activation in multiple cell types, including VSMCs. 15 Marais et al 30 demonstrated that PKC-mediated ERK1/2 activation required Ras protein but was not inhibited by Ras(N17). We showed that dominant negative Ras could not completely inhibit ERK1/2 activation ( Figure 5 ), supporting the com-plexity of PDGF-induced ERK1/2-Elk1 activation. Elk1, a c-fos proto-oncogene regulator that belongs to the ETSdomain family of transcriptional factors, plays an important role in the induction of immediate early gene expression and subsequent protein synthesis in response to a variety of extracellular signals. 31 Therefore, although the kinase activity of Bcr does not regulate DNA synthesis, it is possible that Bcr kinase activity is crucial to control mitogen-induced protein synthesis, which leads to hypertrophy in vascular smooth muscle cells. 32 Future studies will be necessary to define the precise role of Bcr kinase activation in arterial diseases. PI3-Ks comprised 2 subunits of 85-and 110-kDa molecular mass. We found that PDGF stimulates Bcr serine/ threonine kinase activity and that the sites of mouse PDGF-␤-receptor tyrosine 708 and 719, which are important for binding PI3-K, are critical for Bcr kinase activation. We used wortmannin and LY294002 to inhibit p110 PI3-K activity, but Bcr kinase activation by PDGF was not inhibited by these PI3-K kinase inhibitors ( Figure 3E ). It is important to note that Nck and Shc 33 share the same binding site as PI3-K (Y751) in the human PDGF-␤ receptor. Future studies will be necessary to define the precise mechanisms for Bcr kinase activation in PDGF-mediated signaling events.
